The operation of satellite ground terminals requires highly linear power amplifiers to obtain satisfactory RF performance. This linearity is often achieved through power back-off from saturation, in combination with analog or digital linearisation. While these schemes provide a good range of solutions for the linearity, the final power amplifier stages are critical to the overall system performance. The biasing of the amplifier stages can have a significant effect on the RF performance, such as the linearity and the efficiency. This paper describes an investigation into characterising a GaN power amplifier with a view to optimising the bias depending on the frequency, RF power and temperature. It was found that the GaN amplifier had a relatively broad optimum bias range and that in general, specialised bias control would not be required. 
I. Introduction
HE successful operation of a satellite ground terminal is dependent on achieving sufficient RF performance from the Block Upconverter (BUC). Some of the key RF parameters are transmit power, transmit noise, spectral mask, spurious signal suppression, and phase noise, amongst others. For the power amplifiers, one of the most critical parameters is the linearity, or more specifically the linear RF output power, P lin . In general, good linearity can be achieved through power back-off from saturation. However, this comes at the cost of reduced RF power available for transmission to the satellite, as well as reduced efficiency. For greatest power added efficiency (PAE), it is desireable to operate the power amplifier at close to RF saturation, so that the most RF power is available for transmission. However, operation at close to saturation results in a degradation of the linearity.
A number of metrics for power amplifier linearity are in widespread use. 1 The most common methods of comparing amplifier RF performance are the P1dB and the output 3rd order intercept point, the latter being typically determined with a two-tone measurement. Higher order intermodulation products can also be considered, but usually the third order predominates and is sufficient for comparative purposes. For modulated signals, the spectral regrowth levels in the adjacent channels or to a specified mask are typically used for linear power measurements. For this work, the third-order intermodulation distortion level was used for the definition of linear power.
To achieve sufficient linearity at a power level near to saturation, some method of linearisation is usually required. Linearisation by digital predistortion is only possible if access to the baseband signals from the modem is available. If digital predistortion is not an option, linearisation schemes for RF amplifiers can be implemented through a combination of analog and digital means. A recent example of a lineariser demonstrated an improvement of more than 10dB for the adjacent channel spectral regrowth of a Gallium Nitride (GaN) amplifier operating at 2dB below the P sat . T While these schemes provide some ways to improve the linearity, the final power amplifier stages are critical to the overall system performance. In particular, the biasing of the final power amplifier stages can have a significant effect on the RF performance, such as the linearity and the efficiency. The question that was to be resolved by this research was whether the optimum bias for the power amplifier was consistent, or if it varied with frequency, Quiescent Bias (I DQ ) and power level. Then, if the optimum bias condition does actually vary with these parameters, is there sufficient benefit to maintaining this optimum bias condition in the amplifier, particularly if a lineariser can be included with the BUC?
II. Measurement Setup
A study was conducted to map out the RF performance parameters of a Ka-band power amplifier. The selected device was the TGA2594-HM, a packaged GaN FET amplifier from Qorvo (formerly Triquint) with around 36dBm (4 watts) saturated output power over a frequency range of 27-31GHz. 3 A photograph of the packaged GaN amplifier mounted in a test fixture with WR28 waveguide ports is shown in Fig. 1 .
An automatic measurement system was created using a Keysight (formerly Agilent Technologies) PNA-X vector network analyser (VNA), along with a Texas Instruments Tiva evaluation kit based on an ARM Cortex microcontroller. A computer program written in Python was used to control a Digital-to-Analog converter and set the gate voltage (V GS ) of the GaN FET. The VNA was calibrated to measure the carrier tone power and 3 rd -order intermodulation levels across the frequency range of 28-31GHz. The Python program controlled the VNA to measure the RF parameters over a range of gate bias conditions, input power levels and frequencies. The Python program also recorded the drain current at each of the measurement states. The test setup is shown in the block diagram of Fig. 2 and the photograph of Fig. 3 . Note that a WR28 waveguide directional coupler was used at the output to extract the signal to the VNA. The measured output level was offset for the coupling factor of the coupler, and also corrected to a calibrated power meter. 
III. DC Characterisation of Ka-Band GaN Power Amplifier
The TGA2594-HM was operated with a drain voltage of 20V DC. Figure 4 shows the variation of the quiescent drain current (I DQ ) of the GaN FET with the gate bias voltage (V GS ) at room temperature. It can be seen that I DQ changes from near cut-off to high current over a relatively narrow range between about -3V to -2.5V. For the automatic measurements, the Python program set the gate bias voltage and recorded the drain current with the RF applied. Figure 5 shows the variation of the drain current with RF output power for a quiescant drain current set to 143mA (V GS = -2.66V) at frequencies of 29, 30 and 31GHz. The three-axis plot of Fig. 6 shows the variation of the drain current with RF output power and quiescent drain current at 31GHz. It can be seen that the drain current follows a typical pattern with increasing current at higher RF output powers, but is relatively similar over frequency. 
IV. RF Characterisation of Ka-Band GaN Power Amplifier
The GaN amplifier was initially tested with a manual setup to provide a baseline for the RF measurements. Following this, two separate automatic measurements were performed with two slightly different setups. The first set of automatic measurements used a single driver amplifier, while the second set of automatic meaurements had two driver amplifiers to achieve a higher level of saturation in the GaN amplifier under test. Figure 7 shows the three different measurement sets of the third-order intermodulation relative to the total RF power level taken at 31GHz for the same TGA2594-HM GaN amplifier. The green traces are the initial, manually measured results, taken at 10mA intervals of I DQ from 100mA to 200mA. The red traces are the first of the automatic measurements, taken at a number of gate voltage settings with the lower input drive level, while the blue traces are the second automatic measurements with the higher input drive level. While traces do not coincide exactly, they are quite similar overall, with some slight offsets appearing in the IMD values. This may be partially explained by variations in the IMD levels produced by the driver amplifiers in the two setups. Figures 8 and 9 show the variation of the third-order intermodulation level (relative to total power) of the GaN amplifier at 30 and 31GHz, respectively, as a function of the RF output power for a number of quiescent drain currents. It can be seen from the left-hand side figures, that ,as the quiescent drain current increases, the linearity is improved over a broader power range, while the "sweet spot" of maximum linearity moves to a lower power level. The third-order intermodulation levels are quite similar at the two frequencies. The right-hand side figures show a "zoomed in" portion of the plot at close to maximum RF output power.
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Figure 8. Third-order intermodulation level relative to the total RF power level taken at 30GHz as a function of total RF output power for GaN FET (TGA2594-HM).

Figure 9. Third-order intermodulation level relative to the total RF power level taken at 31GHz as a function of total RF output power for GaN FET (TGA2594-HM).
Figures 10 and 11 show the variation of the RF gain of the GaN amplifier at 30 and 31GHz, respectively, as a function of the RF output power for a number of quiescent drain currents. As the I DQ is increased, the gain also increases. Also, it can be seen that for lower values of I DQ , the gain is not linear with input power. The gain is most linear with input RF power at a quiescent drain current of around 140mA. This coincides with the recommended bias for the GaN amplifier. 3 The "zoomed in" figures on the right-hand side show that the saturated RF output power is about 35dBm, and increases with increasing quiescent drain current. The saturated RF output power is also shown in Figure 12 as a function of quiescent drain current for a number of frequencies. It can be seen that in general, the saturated RF output power increases with increasing quiescent drain current. A useful definition for the linear RF output power (P LIN ) with a two-tone test can be taken as the total output power in the two tones when the power in one of the 3 rd -order intermodulation products is 25dB below the total power of the two tones.
2 This is equivalent to the case where the 3 rd -order intermodulation products are 22dB below each of the output tones (presumed to be equal in level). Using this definition for P LIN , the maximum linear RF power was extracted from the measurement space. Figure 13 shows the linear power, P LIN , as a function of quiescent drain current for a number of frequencies. A comparison between figures 12 and 13 shows that the maxiumum linear power is about 1dB below the saturated RF output power at the same quiescent current. It is noted from Fig. 13 that the the maximum linear power occurs between about 120 and 150mA, depending on the frequency. This can be seen from a closer examination of the IMD data shown in figures 8 and 9. These are reproduced with a finer scale for 30 and 31GHz in figures 13 and 14, respectively. Looking at the output power where the IMD3 level is -22dBc, it can be seen that the peak is between the 124mA and 143mA quiescent current values. It is noted that this peak is relatively broad, and that the linear power does not fall away rapidly from the peak values as long while the quiescent drain current is close to the optimum values at all of the frequencies tested. Figures 14 and 15 show the variation of the Power Added Efficiency (PAE) of the GaN amplifier at 30 and 31GHz, respectively, as a function of the RF output power for a number of quiescent drain currents. It can be seen that the efficiency is greater at 30GHz than at 31GHz, since the output RF power is greater. The right-hand side figures show the PAE performance "zoomed in" closer to the peak values. It can be seen that the peak PAE increases with increasing quiescant drain current. This is also demonstrated by Fig.16 , which shows the maximum efficiency as a function of quiescent drain current. This effect can be partly explained by the increased output power and increased gain at the higher quiescent currents in the range of measurements. 
V. Bias Optimisation of Ka-Band GaN Power Amplifier
The RF characterisation described in the previous section has demonstrated that the saturated RF output power and the maximum power added efficiency have increased with increasing quiescent drain current, at least within the measurement range of the experiment. The maximum linear power is achieved with an optimum quiescent drain current around 120-150mA or so. This means that it may be possible to optimise the bias to achieve the best linearity. However, the maximum linear RF output power falls away slowly with the quiescent drain current setting. This means that for this device, the benefit of biasing for optimum linearity is not great and may not be worth the effort involved, compared to a simple fixed bias arrangement.
The experiment did not study the effect of temperature as a variable, since the GaN amplifier failed following the testing deep into saturation. Also, the device can be operated with a higher drain voltage than 20V up to around 22V. This was not also investigated by this experiment. It is possible that an optimum bias condition can be obtained when taking into consideration the additional variables of temperature and drain voltage, which would require further study. A method of achieving this could be through a software defined radio receiver which could analyse the performance of RF output and calculate the spectral regrowth. This system was not implemented at the time of publication.
With the cost-effective availability of linearization 2 for a GaN amplifier such as the one under consideration, greater performance benefit is more likely to be achieved through linearization than by optimisation of the bias.
VI. Conclusion
In this paper, the properties of a Ka Band GaN amplifier were measured and used to determine the effectiveness of optimised bias control. It was found that the biasing of the amplifier had only a minimal effect on the output power, linearity and efficiency of the device within a moderate range of quiescent drain currents. This means that optimised bias control of this device would not provide any significant improvement to the performance of a satellite communications system.
